Abstract. Alkali-Aggregate Reaction (AAR) is a deteriorative phenomenon for concrete that a ects the performance of structures. This study focuses on seismic and postearthquake behaviors of an AAR-a ected dam. A computer program is developed for simulating the structural behavior of AAR-a ected dams including the seismic and postearthquake durations. A thin high double-curvature arch dam is selected as a case study and is modelled in a series of analyses within the assumed 30-year operating period. Each analysis includes an earthquake excitation in a di erent speci ed time. In each analysis, the seismic record is applied to the dam at di erent statuses of AAR progression, considering the proposed ARI index. The results show that AAR a ects seismic performance of the dam, i.e., with the AAR progression, the dynamic responses are signi cantly changed. On the other side, the e ect of earthquake occurrence time on the dam post-earthquake behavior is not noticeable. This may be explained by the linear elastic behavior assigned to the body material in the provided FE model.
Introduction
The AAR-a ected dams show unusual behavior that is intensi ed with the passage of structure lifetime. This di erent behavior originates from two main factors: the AAR gel expansion and degradation of the concrete mechanical properties. Both of the aforementioned factors are time dependent. On the other side, seismic loading is followed by signi cant e ects on the structural reactions of any dam. With such a point of view, coupling between AAR e ects and seismic loading, i.e. seismic loading e ects on the performance of the AAR-a ected dam and AAR e ects on seismic responses, is probable which is followed as a subject for the current research. Several studies have been carried out previously on AAR-a ected structures. However, few of them had tendencies towards the dynamic performances.
The earliest phenomenological model presented by Charlwood et al. [1] has been widely used to analyze AAR-a ected dams. Some researchers worked on chemo-mechanical modeling of alkali-aggregate reaction [2, 3] . Malla and Wieland modelled a rather small arch-gravity dam in both linear and nonlinear conditions. In their research, the volume expansion due to AAR was simulated using equivalent temperature and was taken uniform over the whole dam body [4] . Parvini et al. investigated the seismic behavior of an AAR-a ected hydraulic structure as a case study. They conducted the dynamic analysis after a period of transient static one (considering AAR phenomenon). The analyses with AAR involved only the pre-earthquake duration; meanwhile, the postearthquake analysis was not included in the study [5] .
Introducing a new phenomenological model for AAR, Saouma and Perotti developed a numerical computer program to simulate structural e ects of AAR. Verifying the proposed model, they simulated an AARa ected arch-gravity dam, which led to accurate and reliable results. In their research, seismic behavior of the structure was not elaborated [6] . Grimal et al. used a numerical model developed by Electricit e De France (EDF) and modelled the expansion in damaged structures successfully. The researchers considered the concrete creep, the stresses induced by the AAR gel, and the mechanical damage to predict the experimental behavior of several beams subjected to AAR [7] . Tokmechi studied the probability of crack distribution and cracked zones percentage due to Normal Alkali Silica Reaction in a sample RCC dam. He used Monte Carlo Method to solve the stochastic system. His study did not deal with seismic loads of the mentioned dam [8] . In the study presented by Jinting et al., the seismic safety of an arch dam su ering from aging e ects was evaluated using a proposed model. The reduction in the structural safety and intensi cation of the tensile cantilever stresses were approved during the performed analyses [9] . Based on the Saouma's model, a chemodamage model was proposed by Pan et al. [10, 11] , and the model was used to analyze the long-term behavior of AAR-a ected gravity dams and arch dams. A more complete review on modeling of AAR-a ected cases are presented by Pan et al. [12] .
In the current research, a computer code prepared previously by the authors was developed for analyzing the AAR-a ected structures under seismic excitations. The program is based on the nite-element procedure and is able to analyze the structures in three di erent phases: pre-earthquake static (but transient) phase, dynamic analyses due to seismic loading, and resumption of the static analysis in the post-earthquake phase. During the static phases, AAR progression is numerically simulated following a sigmoid curve based on an adopted comprehensive AAR model. During the earthquake period, no growth in AAR gel or degradation in mechanical properties is expected; however, variations in the subsequent e ects of the reaction are elaborated. In this regard, a new redistribution of the AAR gel expansion may be expected. This is due to the new imposed con nement (i.e., new stress state) during the seismic loading, which leads to changes in the AAR load vector. Furthermore, the material behavior is assumed to be linear elastic. Therefore, when one changes the earthquake excitation time, coupling between AAR and seismic loading and subsequent e ects on the post-earthquake responses may be negligible. Nevertheless, the conditions may be di erent during the seismic loading. However, this point of view would be considered during the current research.
Governing equations and ground motion loading
Clearly, seismic loading of a dam-reservoir-foundation system is followed by a coupled problem. The coupled mathematical problem should be solved through the numerical procedures, such as Finite-Element method.
In the aforementioned system, the Helmoltz equation governs the reservoir medium given as follows [13] :
where p, C, and t are hydrodynamic pressure, pressure wave velocity in the liquid domain, and time, respectively. For solving Eq. (1), the boundary conditions are required to be applied on the reservoir medium [14] . The equations of the dam-foundation (as the structure) and the reservoir take the following form: In the current research, all three components of a ground motion record, scaled in DBE (design basis earthquake), are applied simultaneously to the provided nite-element model. For decreasing the computation cost, only the strong motion duration is elaborated. Figure 1 shows the time history of the aforementioned earthquake during strong motion interval.
The conducted seismic analyses include 583 steps with the time interval of 0.02. For computing damping matrix using Rayleigh method, the damping ratio (proportional to the structure sti ness and mass matrices) is assumed 5%, while and factors are taken as 0.94248 and 0.00199, respectively. It is worth mentioning that PGA is 0.2 for the horizontal components and 0.11 for the vertical direction based on the dam site speci cations.
The utilized Newton-Raphson equilibrium iterations provide convergence at the end of each load increment within the de ned tolerance limits. In this study, for the solid elements with concrete material, the convergence criteria are based on the force and displacement, while elements are based on the pressure for the reservoir uid. For dynamic analyses, the Newmark-method is utilized for the direct integration of the coupled equations along the subsequent time steps.
Formulation of the AAR model
For simulating AAR e ects within the current developed code, the phenomenological model of Saouma and Perotti is used. This model has a relatively comprehensive formulation involving various aspects of the reaction. It pro ts by both of state-of-the-art where is an index for AAR progression that ranges from 0 to 1, i.e., two limits for minimum and maximum reaction advancements; t is the analysis time (or the dam lifetime); is the internal temperature of AARa ected material; nally, c and l are the characteristic and latency times, respectively (see Figure 2 for more details).
AAR has two main e ects that a ect the time history of structural responses: in ation of the AAR gel and degradation of the elastic modulus and tensile strength. Eq. (4) presents a relation for computing the expansion rate in every time step [15] . 
where t represents a descendent factor because of forming macro cracks. Similar e ect is exerted by c due to forming of micro cracks; f(h) is the e ect of moisture de ciency (may be taken as unity in the structures such as concrete dams); is attained by Eq. (3); " 1 is the maximum of free volumetric expansion, measured in the reference temperature [15] . Considering Eq. (4) and through a simple nite di erence method, the gel expansion value in every time step may be computed. The attained expansion value is indeed the free volumetric strain and should be distributed in linear free strains within the provided numerical procedure. This is performed by three corresponding weight factors, w i , so that [15] :
For example, the weight factor associated with princi-pal direction \k" consists of [15] : 
According to Figure 3 , w 1 to w 4 correspond to nodes of the rectangle representing the current stress state; a and b are sides of this rectangle (see [15] for more details). Following the aforementioned procedure, a vector of free strains is attained which leads to an additional force vector within the utilized nite-element procedure.
On the other side, AAR degrades the solidity and tensile strength of the AAR-a ected concrete. In this regard, Eqs. (7) and (8) are proposed in the utilized model:
f t (t; ) = f t;0 [1 (1 f )(t; )] ;
where E 0 and f t;0 are the initial elastic modulus and tensile strength, respectively. In addition, E and f are the corresponding residual fractional values when " AAR tends to " 1 AAR . The later equations, along with Eq. (4), describe the dependency of AAR-a ected structure behavior on the dam lifetime. This may lead to di erent seismic behaviors for the structure when it experiences the same excitation at di erent moments of its lifetime. This is the main challenge considered in the current study.
The currently developed computer program involves all of the formulations presented in Sections 2 and 3. The accuracy of this program in simulating AAR-a ected concrete structures and seismic loading has been previously veri ed in the separate research [14, 16, 17 ].
Case study: Dez dam
Dez dam is a thin double-curvature high arch dam located in 20 km NE of Andimeshk, Iran (Figure 4(a) ). Its height is 203m from the foundation and 190m from the riverbed. For the dam crown cantilever, the thicknesses at the crest elevation and base are 4.5 m and 21 m, respectively. Crest length is 212 m and its altitude is 354 masl. After conducting the optimization program on the dam performance and hydropower generation plants, the reservoir's normal water level was raised up to 352 masl [18] . It is worth noting that the reinforced concrete saddle, referred to as pulvino, was provided between the dam body and foundation rock for facilitating distribution of the applied loads on the surrounding rock. Figure 4(b) shows the downstream view of the Dam and its surrounding environment.
In the provided Finite-Element model, the dam body and its pulvino are modelled using 648 and 144 elements, respectively (see Figure 5(a) ). The dam foundation rock and reservoir a ect the seismic analysis; they are modelled with 3770 and 3660 elements, respectively. Finally, the total number of elements in the model is 8522 (see Figure 5 ). The utilized elements for modelling the concrete dam, its pulvino and the foundation rock are 8-node brick elements with 8 integration points. Each node has three translational degrees of freedom in the global directions: x, y, and z. Furthermore, the reservoir is modelled using 8-node uid brick elements. Pressure is the nodal degree of freedom for the uid elements ( Figure 5(b) ).
Elasticity modulus, Poison's ratio, density and thermal expansion coe cient for the dam body concrete are assumed 40 GPa, 0.2, 2400 kg/m 3 , and 6 10 6 / C, respectively. The moduli of deformations for the saturated and unsaturated parts of the foundation medium are taken 13 GPa and 15 GPa, respectively. The pressure wave velocity in water is taken 1440 m/s, and the wave re ection coe cient for the reservoir peripheral boundary is assumed 0.8. All the abovementioned mechanical parameters were extracted from a comprehensive calibration procedure conducted on the provided model by the second author and his coworkers [18] . Table 1 shows a list of material properties assumed for modeling of the dam in static and dynamic conditions, separately.
The utilized values for parameters of the AAR model are assumed as presented in Table 2 . More details of these parameters may be found in the study by Saouma and Perotti [15] .
Analyses' results and discussion
Developing the desired program and modeling the case study, a couple of analyses are conducted within the assumed 30-year operation period. All of the analyses involve both of the static (pre-earthquake and post-earthquake analyses) and dynamic phases (during earthquake occurrence) at the same procedure. The speci ed time for earthquake occurrence is di erent for It is worth mentioning that occurrence of the earthquake in the above cases is arranged to be on di erent ARI levels. ARI may be a suitable index to evaluate the reaction progression in any AARa ected dam. This index is proposed by the authors as the weighted average of the reaction kinetics index thorough all elements of the dam body and is computed using Eq. (9):
where V n is volume of the nth element, RI n is the reaction kinetic index of the nth element, and nel is the total number of dam body elements. Figure 6 presents the diagram of ARI versus time for the modelled arch dam. This gure is prepared based on a similar transient static analysis. Indicated in Figure 6 , AAR reaches its extreme level after 22 years passing the dam service life. The earthquake excitation times for all of the cases are marked in Figure 6 . The analyses cover the occurrence of earthquake in di erent conditions of AAR progression in the considered dam. It should be noted that a transient thermal analysis is performed before the structural analyses. Solar radiations were modelled in the aforementioned simulations using a precise formulation utilized by the authors during the previous studies [19, 20] . Meanwhile, the variation of the reservoir surface level was elaborated based on the recorded history in the dam site. In all of the cases, seismic loading is assumed to occur in summer, which is commonly known as the critical season for earthquake excitations in arch dams. Figure 7 shows the displacement history extracted from the performed analyses in all of the three directions: x, y, and z. Indicated in the diagrams of Figure 6 , it is inferred that the time of earthquake excitation does not a ect the time history of post-earthquake crest displacements. However, when the stress contours of the nal analyses steps (post-earthquake phase) are assessed, some few di erences may be observed (see the contours in Figures 8 and 9 ).
The rest of the presented results include the structural responses during the seismic loading. Figures 10  and 11 show time history of the crest displacements during earthquake for all of the performed analyses.
Non-concurrent Envelopes of the 1st and 3rd principal stresses during the earthquake excitation concerning all of the performed seismic analyses are presented in Figures 12 to 15 .
Based on what is observed in Figures 12 to 15 , the occurrence of the same earthquake at di erent moments of the lifetime would result in di erent reactions in the considered dam. In Table 3 , a summary of the extreme values of Section 5 is presented.
The analyses' results imply that the occurrence of the same earthquake results in di erent seismic reactions in the considered dam. However, the e ects are considerably milder when one considers the postearthquake responses. This may be explained by the assumption of linear elastic behavior for the body material. Simply, during the short period of the earthquake, there is not enough time for the AAR-a ected concrete elements to experience further reduction in the elastic modulus. In other words, when one assumes nonlinear behavior for the model, impressibility of the post-earthquake responses is expected to be intensi ed. However, this part is left for development of the current research. The results presented in Section 5 show that estimating the responses of an AAR-a ected dam is complicated when it experiences earthquake during its service life. Meanwhile, it is indicated that the critical or extreme values of the di erent structural responses do not occur in the same case. This perspective should receive more attention during the future extensions of the current study.
Conclusion
Using the new developed code, numerical simulations of AAR-a ected dams are possible in both of the static and dynamic phases. Using the aforementioned computer program, several analyses, with assumption of the same earthquake excitation, were conducted. Each of the analyses includes simulation of the earthquake excitation at a di erent time step, which corresponds to di erent statuses for the AAR progression. The modelled AAR-a ected case study showed signi cant dependency of the seismic responses on the earthquake excitation time. It is observed, prior to almost 50% of the reaction progression, that earthquake e ects on the stresses are signi cant (Cases A, B, and C); however, the dependency decreased when earthquake was assumed to occur at any time after passing an ARI of about 50% (Cases C, D, and E). However, the di erences were milder when one traced the post-earthquake responses. Highly reliable judgment on the current conclusions should be left for further considerations. Finally, it may be inferred that evaluating behavior of the AAR-a ected dams under seismic loadings is complicated, and only case-by-case simulations may be proposed.
